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Introduction
Imaging systems are essential tools for neurosurgical practice, both for preoperative planning and for intra-operative frameless stereotactic guidance, mostly referred to as neuronavigation [35] . The use of neuronavigation increased in the last decades [2, 48] ; however, physical, technical, operational, and biological factors can affect the accuracy of these systems [43, 47] . Brainshift is the dynamic spatial modification of the cerebral structures during surgery, and it is observed as a deformation or shift of brain tissue throughout brain surgery. It represents one crucial biological issue limiting the use of neuronavigation [16, 19, 23, 34, 47] , where the challenge is to find the corresponding locations of brain structures both in preoperative and in intra-operative images for surgical guidance [25] . Gravitational forces, intraoperative brain deformation, mass removal, brain swelling, and cerebrospinal fluid (CSF) leaks determine this phenomenon [9, 49] . It is known to be about 11 mm on average, and it can reach up to 25 mm [7, 23, 30, 34, 37] .
Neurosurgery in general is performed in a volatile and highly dynamic environment. Even small changes, such as those introduced by a change in the patient position, result in an alternation of applied forces on the brain and therefore deformations within it [9, 34, 43] . In view of these dynamic changes, static preoperative imaging cannot fully account for intra-operative changes of the anatomy to depict these. However, relying solely on intra-operative imaging often cannot provide a full anatomical context with respect to the overall brain anatomy. It is further important to note that additional references to specific pre-interventional information (e.g., functional MRI or diffusion-weighted imaging) may be required at several stages throughout surgery. With a range from conventional and advanced MRI (DWI, PWI, fMRI, etc.) to metabolic/molecular imaging such as positron emission tomography (PET), these imaging techniques mostly have different spatial resolutions and diagnostic yield. One main area of research is thus to detect anatomical changes intra-operatively and update the corresponding preoperative data (e.g., images acquired with advanced MR and molecular imaging). To update such a complete and diverse navigation plan with a source of intra-operative imaging will help in preserving such an informative power with enhanced accuracy and thus impact onto the surgical performance, with a likely benefit for the patient. In this regard, it was shown in the literature that failing to cope with dynamic changes throughout image-guided surgical procedures may affect the surgical performance and the patient outcome [2, 5, 20, 21, 42] .
Together with the increasing acceptance of neurosurgical navigation systems within clinical practice, this motivated the development of different techniques to detect and compensate for brainshift, including model-based methods as well as intra-operative imaging using MR, CT, and ultrasound. While we focus on a detailed analysis of techniques using intraoperative ultrasound (iUS) in the remainder of this work, the interested reader is referred to [13] for a detailed overview of brainshift in neuronavigation systems.
Intra-operative ultrasound as emerging modality
iUS can be applied directly at the surgical space and provides dynamic imaging in real time, without exposure to radiation or the necessity to reposition the surgical bed. On this foundation, the combination of intra-operative US with neuronavigation systems represents a promising tool to understand and evaluate the brain anatomy throughout surgery. Over the past years, iUS has been employed increasingly [1, 27] due to a consistent improvement in the image quality [11, 32] and, more recently, due to the ability to acquire 3D datasets [45] . These technological improvements led to a better image resolution and to a higher signal-to-noise ratio, along with an increased accuracy in probe tracking and 3D localization of anatomical structures, as well as the capability to overcome possible imaging artifacts [40] . In the context of tumor resection, the usability of iUS data for the delineation of glioblastomas during surgery was shown in correlation to biopsy samples, however, without an integration with preinterventional image data during surgery [39] . Recently, the capabilities of contrast-enhanced ultrasound (CEUS) depicting the brain and tumor vasculature were shown during brain surgery [32] . In view of new developments in ultrasound technology, the benefits of high-frequency ultrasound were also analyzed in detail, showing promising results for a reliable tumor identification in accordance with pathological data [6] .
First approaches employing intra-operative ultrasound to manually quantify occurring brainshift were introduced almost 20 years ago by overlaying (2D) iUS data with preinterventional images [3] . 2D ultrasound information was subsequently also evaluated in reference to delineated sets of corresponding features to also correct for brainshift with 2D ultrasound [8] . Later, 3D intra-operative ultrasound was integrated with neuronavigation systems, where an image overlay is provided based on registered skin fiducials similar to today's systems [26] . Furthermore, the usefulness of 3D iUS was evaluated for brain surgery based on an improved anatomical orientation using iUS [29] , however, lacking an image-based update of the patient registration. In a detailed evaluation of intra-operative brainshift using a manual detection with iUS, it was shown that gliomas are likely to produce the highest overall brainshift during surgery in comparison with other tumor types [41] , although the specific reasons for that behavior are not yet fully understood.
Aiming at a direct update of the patient registration to compensate for brainshift, different iUS-based frameworks employing image-based correction algorithms were recently presented [4, 11, 31] . While these systems showed promising results, only manual or rigid registrations were employed, thus not allowing for an evaluation of dynamic deformations. Furthermore, manual input or a segmentation of the brain surface is required to initialize the image-based registration methods, imposing additional practical constraints with respect to their clinical integration. As an alternative to purely image-based registration methods, power Dopplerbased registration is proposed to compensate for brainshift [33] . While vascular features can be used to detect static (global) brainshift, the utilized registration is again only rigid, thus not allowing for a dynamic compensation of tissue shift. Recently, Doppler-based vessel estimates were combined with cortical feature tracking using stereo cameras to estimate dynamic brainshift using finite element modeling [28] , however, requiring additional equipment potentially impaired by line of sight issues. In view of a fully deformable compensation for occurring brainshift during surgery, a registration method tailored to multimodal registrations (e.g., US to MRI) was recently proposed by our group [12] . While first results showed a promising direction, the capture range of imagebased registration methods is still limited, illustrating the necessity to evaluate iterative registration-based frameworks for the detection of brainshift.
Besides challenges with respect to image registration, the freehand 3D ultrasound techniques employed in the majority of 3D iUS systems also require a careful spatial and temporal calibration and are prone to produce reconstruction artifacts for nonlinear acquisition geometries [17] , which are often not feasible in a neurosurgical setting. The current study thus pursues the integration of 3D freehand iUS for the purpose of providing a reliable tool for intra-operative brainshift compensation. With the aim to eventually compensate for brainshift in a dynamic fashion, the aims of this study in reference to the relevant recent work described above are:
1. to present an intra-operative 3D freehand ultrasound (3D-iUS) setup addressing specifically the challenges for volumetric image reconstruction in neurosurgery. In this view, we propose to integrate confidence weighting [22] with a ray-based resolution-preserving reconstruction [17, 18] , allowing for 3D reconstruction of non-parallel ultrasound trajectories. 2. to introduce a dynamic and quantitative high-resolution detection of brainshift using intra-operative 3D freehand ultrasound. By integrating a recent registration and fusion algorithm developed by our group [12] within an iterative multi-step registration framework, we aim at overcoming the limitations of current brainshift estimation systems limited to rigid transformations only.
We evaluate our system on several acquisitions of intraoperative data for eight patients and demonstrate the reliability of our novel semiautomatic technique for multimodal registration of different imaging datasets (3D iUS, MRI, CT) directly embedded within a surgical setting.
Methods

Overview
Eight patients are consecutively enrolled in this study. Written informed consent is given before the procedure, approved by the local ethical committee responsible for the study (Authorization no. 1299, Protocol no. 260/14, Determinants of glioma recurrence and progression). With the goal of providing iUS-based brainshift compensation in a fully clinical environment, a commercially available and approved neuronavigation system (Curve, Brainlab AG, Munich, Germany) is employed in this work and will be referred to as iNav system throughout the manuscript. The iNav system is used in combination with a research platform (PLUS ultrasound toolkit [24] ) running on a separate laptop to allow for the acquisition of iUS data for research purposes. Both systems are connected via Ethernet, and the Open Network Interface for Image-Guided Therapy (OpenIGTLink 1 ) is used for communication and data exchange. An intra-operative ultrasound system is connected to both systems via DVI (research platform) and S-Video (iNav) to allow for the utilization of US data both within the iNav system and within the research platform. The system used for 3D iUS data acquisition is described in detail in "Intra-operative ultrasound for brainshift detection" section; data processing, image registration, and visualization of the data are performed on a separate workstation. An overview of the surgical setup in the operating theater is shown in Fig. 1 .
Neuroradiological protocol and planning
MR imaging is performed pre-and postoperatively on a 3-Tesla MR scanner (Siemens Verio, Germany) [36] . Lesion volumes are computed onto volumetric sequences with a semiautomatic segmentation method using iPlan Cranial 3.0 (Brainlab AG, Munich, Germany). The extent of resection (EOR) is measured on pre-and postoperative MR performed within 48 h of surgery, as
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Fig. 1 Intra-operative iUS acquisition setup. Left
The employed system uses a commercial neuronavigation system in combination with intra-operative ultrasound, where both system are connected to our acquisition laptop acquiring intra-operative 3D-freehand ultrasound data. Right For each scan, the US probe is manually guided by the neurosurgeon to acquire 3D datasets (freehand 3D iUS), and saline solution is used for acoustic coupling between US probe and brain surface where V pre , V post are the pre-and postoperative lesion volumes, and EOR is expressed as percentage. The preoperative imaging dataset is co-registered with a CT scan, where seven radiopaque fiducials are applied following the standard clinical protocol of neuronavigation. CT and MRI are performed within 24 h of surgery. The co-registered datasets are uploaded to the neuronavigation system (Brainlab Curve) for intra-operative utilization. A postoperative CT scan is performed to rule out any acute major complication. Table 1 shows an overview of the major relevant parameters of the enrolled patients.
Interventional procedure
Surgery is performed under asleep or asleep-awake-asleep anesthesia regimens with the aid of intra-operative cortical and subcortical stimulation mapping for motor and language functions associated with monitoring procedures [36] . Histology is classified according to the World Health Organization brain tumor classification. No pharmacological treatment is administered intra-operatively to reduce intracranial pressure.
Intra-operative ultrasound for brainshift detection
For the 3D iUS acquisitions, a Brainlab Curve neuronavigation system is used with integrated optical tracking and combined with a clinically certified ultrasound scanner. For data storage, we use the publicly available PLUS toolkit [24] , receiving tracking data from the Brainlab system through an OpenIGTLink interface [44] , and US image data directly through a framegrabber (Epiphan DVI2USB 3.0, Palo Alto, CA, USA). The ultrasound system is also connected to the Brainlab system, which allows for the utilization of the native ultrasound integration provided by the iNav system in ences (optical tracking adapter) is mounted onto the US probe to allow for the acquisition of pose information for each ultrasound frame and consequently enable the reconstruction of 3D volumetric images from the acquired scans. The rigid and re-mountable optic reference is calibrated to the ultrasound images using the PLUS ultrasound toolkit both spatially and temporally [24] . For each patient, ultrasound image datasets are acquired at three distinct time points of the surgical procedure:
1. Before dural opening, where occurring brainshift is assumed to be minimal, such that a rigid registration can account for inaccuracies of the neuronavigation system and patient registration. 2. After dural opening, where brainshift may occur due to the removal of the hard layers covering the brain tissue and loss of cerebrospinal fluid. 3. After lesion resection, where severe brainshift will be present, interleaved with tissue shift effects due to resected and compressed tissue.
For each scan, the US probe is smoothly applied to the brain surface to be scanned in consecutive progressive slides. In general, a scan of all accessible brain tissue, available through the craniotomy window, is performed. To provide optimal acoustic coupling, sterile saline solution is continuously applied onto the surface of the brain during each acquisition by a surgical staff nurse. iUS is used without requiring patient repositioning, or structural changes of the room, physical or temporal constrains or administration of a contrast medium. After each intervention, the probe undergoes a sterilization procedure to avoid draping during use. Figure 1 (right side) shows an overview of the intra-operative scanning process and setup.
Multi-trajectory 3D iUS reconstruction
After each acquisition, the freehand iUS data are reconstructed into a 3D volumetric image using a confidence backward resolution-preserving compounding. Figure 2 shows an overview of the 3D reconstruction process. For 3D iUS acquisitions performed on the brain surface, it is important to note that the ultrasound probes employed for neurosurgery hardly provide a uniform acoustic coupling due to the brain's non-planar surface. As pressure artifacts should be avoided, acquisitions for this study are performed with minimal force applied to the brain. This results in visible reflections and reverberations in the ultrasound images due to impaired acoustic coupling for parts of the probe surface, which need to be removed subsequently in the 3D reconstruction. As the acquired datasets further contain sweeps with complex geometries and overlapping image information (zigzag trajectories), information about the reliability of each ultrasound sample is estimated from the data to allow for a utilization of these data during 3D reconstruction.
Ultrasound confidence maps [22] are estimated from the input US data and provide a measure of the reliability of each image sample by effectively modeling the image formation process as being directed from the US transducer axially into the tissue. Inspired by graph-based image segmentation [14] , the probability of energy emitted from a virtual transducer element (top image row) reaching a specific US sample (pixel) through a series of random steps on the image grid (graph) is estimated. Such random processes are referred to random walks, which can be efficiently solved through quadratic optimization using the image graph Laplacian, where the transition between adjacent image samples is restricted by the image intensity gradient. For a detailed overview of ultrasound confidence maps, the reader is referred to the original publication [22] . Resulting confidence values for an image sample S j lie within C(s j ) ∈ [0, 1], with 1 representing maximal reliability of an image pixel (Fig. 3) .
Based on the estimated confidence data, 3D compounding is performed in a resolution-preserving backward compounding framework [18] , where firstly all samples S = {s 
where σ = 0.15 mm, and K (v i , s j ) is a combined exponential decay according to the Euclidean distance to the target voxel position, weighted by the specific confidence value C(s j ) of a defined input sample. After traversing all samples, the final intensity value for each target voxel can be retrieved by a normalized cumulation of all weighted input intensity values
Thereby, the confidence term effectively suppresses low confidence regions, as observed in regions with deteriorated acoustic coupling and deep image structures. In this regard, if the same area is traversed multiple times with varying image quality or acoustic coupling, confidence maps can be used effectively to favor more reliable samples for 3D reconstruction.
Iterative multimodal brainshift compensation
The main goal of iUS acquisitions is to enable a compensation for occurring brainshift by registering the intra-operative data to pre-interventional images (CT, conventional and advanced Based on preoperative images and planning, an initial ultrasound acquisition is performed before dural reflection and rigidly registered to the planning data, compensating for patient registration inaccuracies. Subsequent iUS acquisitions after dural reflection and after resection are registered to T1 and the planning data through US-US registration both rigidly and deformable, allowing for the compensation of brainshift. Further scans can be performed at arbitrary time points throughout the procedure to detect and compensate for occurring brainshift on demand MRI). In this work, we evaluate the benefit of iterative iUS acquisitions at three distinct timesteps to allow for a compensation before dural reflection, after dural reflection, and after resection. The acquisitions for all time points are reconstructed as described in "Multi-trajectory 3D iUS reconstruction" section and then employed for 3D-3D registration. While more acquisitions can be performed on demand (i.e., at arbitrary time points throughout surgery), we use this protocol to evaluate an iterative detection of tissue shift and deformation. As multimodal registration (e.g., iUS to MRi) in general is less robust than mono-modal registration (i.e., iUS to iUS), we use an iterative compensation approach, as depicted in Fig. 4 : to increase the robustness of the overall registration framework, multimodal registration is performed initially between the first iUS acquisition and the pre-interventional plan before brainshift occurs. In this context, the aim of the automatic image-based registration is to estimate a transformation matrix T ∈ S E(3), a 4×4 homogeneous rigid body transformation aligning the two compared image datasets such that sample points in both spaces are matching. T can be retrieved by maximizing the similarity of the two images I, J to be registered in relation to T as max ∀x i (I ( 2 , where x i are the image voxel positions and f represents a similarity metric to compare both images I, J . To register the resulting 3D volumetric images (iUS to MRI) before dural opening, linear correlation of linear combination (LC2) is used as a similarity metric. We chose this specific metric as it combines image intensity and gradient information, providing the state-of-the-art performance and capture range for multimodal US-MRI registration [12] . Thereby, the initialization of the registration can be performed automatically by using the initial patient registration given by the intra-operative neuronavigation (iNav), which yields accuracies within the capture range of the LC2 similarity metric.
On the foundation of the initial registration of the iUS data to the pre-interventional image data, subsequent 3D iUS acquisitions are iteratively registered to the US volume acquired prior to dural opening. Similar as described above, a rigid 3D-3D registration is performed first, however, with normalized cross-correlation (NCC) employed as similarity metric instead of LC2 due to its fast convergence to global minima during registration. For the subsequent deformable registration, a free-form deformation model using parametric B-splines is used in 3D following [38] , where NCC is employed locally in a patch-wise fashion to retrieve the deformations. By employing a mono-modal registration of all iUS datasets acquired successively throughout the surgery, brainshift can be effectively detected and compensated for. By performing the initial alignment of the dural acquisitions to the MRI, a correspondence between all subsequent acquisitions to the primary one can be achieved and thus also to the pre-interventional plan.
Validation protocol
Registration analysis
To evaluate the performance of the registration, landmarks are manually selected by a board-certified neurosurgeon for each patient dataset in both the preoperative MRI and the distinct iUS acquisitions based on viable anatomical features such as sulci, gyri, the ventricular system and large-caliber vessels. Landmarks are identified on each 3D iUS dataset for each patient, and the corresponding landmarks onto MRI are marked. A minimum set of five landmarks is required for each dataset. An average of eight landmarks (range 5-12) is manually annotated for each pair of images at a given timepoint.
Landmark selection was performed within the ImFusion Suite (ImFusion GmbH, Munich, Germany), where corresponding pairs of landmarks can be selected, e.g., between pre-interventional MRI data and iUS data representing the specified intra-operative anatomical points for an iUS acquisition. The target registration error (TRE) between the pairs of manually selected anatomical landmarks was computed as a measure of the iUS accuracy. TRE is defined as the root-mean-squared error of the distances of manually set landmarks, representing unique anatomical features, before and after registration
with r x,i being the registered position in relation to the world coordinate r i (ground truth) of the evaluation points. At each landmark, the distance error of the landmark in the image to be registered (e.g., iUS acquisition) with respect to the ground-truth reference (e.g., MRI) is then evaluated and combined to the TRE as the root of the average squared distances of all landmark points. Intuitively, the TRE indicates the average distance of the landmark points between the two compared datasets (e.g., landmarks of the same relevant anatomical target selected both in MRI and in iUS). In contrast to other accuracy measures, TRE can be evaluated directly for the region of interest (target region), e.g., by selecting relevant landmarks directly in the region adjacent to the resection area within the brain. By comparing the TRE throughout surgery and different registration steps, the longitudinal progression of the overall system accuracy can thus be evaluated effectively.
Statistical analysis
Features of the patients are described as mean ± standard deviation (SD) or median and range. 
Results
With respect to the performed evaluation, the results of this study are first presented for the evaluation of the initially measured TRE, followed by an analysis of the registration algorithms and the correlation of retrieved brainshift with clinico-surgical variables.
Dynamic change of registration error throughout surgery
To compare the measurement of the target registration error for the navigation system alone to intra-operative ultrasound, we analyze how the registration performs throughout the duration of surgery. Before dural opening, the TRE measured with iNav alone results in 5.9 ± 1.9 mm on average. Conversely, the TRE measured after performing the automatic rigid iUS alignment (before dural opening) drops to 2.7 ± 1.0 mm, with a statistically significant difference ( p = 0.001). This is observed similarly after dural reflection, with the iNav TRE being 6.2 ± 2.3 mm compared to 4.2 ± 1.6 mm after iUS use ( p = 0.049). After resection, no significant difference ( p = 0.426) is detected. All results are listed in Table 2 . iUS shows a statistically significant different change of the TRE throughout the three evaluated time points ( p = 0.001) of the surgery (see also Fig. 5 ), thus dynamically depicting occurring brainshift throughout surgery. Conversely, iNav does not show a similar behavior ( p = 0.2947).
Reduction in brainshift registration error with iUS
To evaluate the performance of image-based registration methods for brainshift compensation, we compare the TRE for acquisitions after dural reflection and after tumor resection to the initial scans before dural reflection. As manually selected and expert-annotated landmarks are positioned within the surgical region of interest, we define the targeting accuracy as the target registration error, where a lower TRE indicates higher accuracy. Following dural reflection, both rigid and elastic registration lead to an improved targeting accuracy compared to baseline iNav TRE at the same Shown are for each acquisition the registration errors of the navigation system (iNav) in comparison with the TRE after applying the calibration update T1 to the intra-operative ultrasound data (iUS). P values before dural reflection, after reflection, and after tumor resection were p = 0.001, 0.049, 0.426, respectively. All TRE values are indicated in mm time point. The resulting TRE is 3.7 ± 1.5 mm (range 2.2-6.3 mm) and 3.8 ± 2.2 mm (range 1.9-8.6 mm) upon rigid and elastic registration, respectively. This difference is statistically significant for both rigid ( p = 0.0356) and elastic ( p = 0.0236) registrations in relation to baseline. Comparing the accuracy to the baseline images before dural reflection, quality improves for all but two patients with rigid registration. For elastic registration, performance improves in all but one patient. The average gain in accuracy is 44.0 and 35.5% with rigid and elastic registration, respectively. After resection, TRE is reduced, however, without reaching a statistically significant threshold, with neither rigid ( p = 0.7945) nor elastic registration ( p = 0.9769). The mean TRE is 7.1 ± 4.4 mm for rigid and 7.5 ± 4.9 mm Shown are results of the TRE measurements after employing rigid (R) and elastic (E) registration algorithms once dural was reflected, and the lesion fully resected. All TRE values are indicated in mm for elastic registration. The performance of both registration algorithms does not vary significantly, either after dural opening ( p = 0.8307) or resection ( p = 0.3984). The gain in navigation accuracy is limited to 11.3 and 16.4% as median value for rigid and elastic registration, ranging from −99.9 to +54.7% and from −122.4 to +51.3%, respectively. However, the rigid registration improves the accuracy in six patients and so does elastic registration in five subjects, when compared to the iNav TRE measured at this given time point. Nevertheless, when compared to the measured iNav TRE before dural opening, both algorithms do not demonstrate a significant reduction in the TRE, with median accuracy gain of +4.3% (−253.9 to +57.8%) and −3.09% (−293.8 to +56.5%) for rigid and elastic registrations. All results for the image-based registration for brainshift compensation are listed in Table 3 , and the relative improvements with respect to the baseline acquisitions are indicated in Table 4 .
Discussion
Neuronavigation is a great assistive technology for improved guidance and targeting in frameless neurosurgical procedures. However, intra-operative data are needed to further improve the image registration and refine potential biomechanical models. These issues motivated the development of different approaches, such as intra-operative MRI [30] and model-based estimation [20, 21, 42, 46] . Brainshift was demonstrated to be a very complex phenomenon, without a clear relationship with gravity direction [10, 15] . US has major advantages over intra-operative MRI and model-based techniques because it is relatively inexpensive, and its integration into existing surgical workflows is straightforward Δ represents the percentage (%) difference between the initial registration error (iNav) and the TRE upon rigid (Δ R ) and elastic (Δ E ) registration at each timepoint, i.e., after dural reflection and after resection. In both timepoints, the difference between the TRE at that given timepoint and (i) the initial TRE before dural opening is reported as Δ R1 and Δ E1 , whereas the difference between the TRE at that given timepoint and (ii) the TRE present at the same timepoint is reported as Δ R2 and Δ E2 . The plus (+) and minus (−) symbol mark a gain or a loss in accuracy, and median (Med), minimum (Min), and maximum (Max) values are reported without increasing surgical time [1, 27] . It also provides images with adequate quality and sufficient resolution in real time, where 2D and 3D registration algorithms can be easily adopted in a user-friendly fashion [6, 11, 29, 32, 45] . In this study, a 3D-iUS freehand scanning protocol was integrated seamlessly into the routine surgical workflow with conventional neuronavigation to detect and compensate for brainshift in patients with different types of intracranial lesions. Remarkably, iUS nicely depicts the temporal dynamics of brainshift, since multiple images can be acquired for the same patient throughout the surgery. This protocol has been considered to yield the most informative values on the spatial position of both cortical [10] and subcortical brain structures. Although previous work had reported the developments of 3D ultrasound [1, 11, 25, 29, 39, 45] and image fusion [7, 8, 26, 31, 33] , the iterative compensation framework presented in this study provides a robust proof of previous findings with enhanced temporal resolution, as we covered three timepoints in each of the enrolled patients and analyzed the behavior of brainshift throughout surgery. A qualitative depiction of these measurements is appreciated in Figs. 6 and  7 , where the 3D US scans are overlaid onto the MRI images. Repeated 3D scans and measurements enable to recalibrate the neuronavigation system by morphing the preoperative acquire MRI dataset, as depicted in Fig. 8 . This method can thus correct for brainshift and update the navigation plan accordingly. This allows for the preservation of the spatial accuracy, even when the shift is considered to be limited, such as immediately after dural reflection.
With respect to the overall integration within the clinical workflow, the experience impact on the surgery was minimal, since the scans were performed rapidly, without draping the probe or application of contrast medium. Besides the required iUS equipment, no additional constraints or equipment was required in addition to a standard craniotomy procedure with a neuronavigation system. Thus, iUS imaging can potentially provide a cost-effective solution for intra-operative registration, but also for general intra-operative imaging on demand.
Our system validation shows that a significant reduction in the TRE, i.e., an increased accuracy, is observed even before dural opening, when brainshift is considered to be negligible. iUS overcomes some of the physical, technical, operational, and biological factors affecting neuronavigation [43, 47] with an enhanced spatial and temporal resolution. This work thereby specifically focused on factors such as static inaccuracies of patient registration, tracking errors, and static brainshift. After dural reflection, registration algorithms improved the navigation accuracy by 70% on average. This enabled the preoperative data (MRI) to be updated by corresponding intra-operative 3D structural information (iUS data). The rigid and elastic iUS registrations also improved the TRE even after the critical brainshift was determined by CSF leak.
While the developed registration methods and intraoperative navigation yield sufficient accuracy for acquisitions before and after dural, the results after tumor resection are more delicate. At this stage, the maximal initial iNav TRE observed was 11 mm, suggesting a strong deformation and shift of brain tissue in relation to the pre-interventional data. 8 Qualitative depiction of intra-operative brainshift. Preoperative MRI images are shown for the region covered by iUS after correction for the brainshift as captured with 3D scans acquired at the three distinct time points throughout the surgery. Shown are axial and sagittal cross sections, where the scan before dural reflection is considered the reference dataset. For visual reference, the manually segmented red contours show the brain tumor, and green contours show the brain surface, both as extracted from the reference image and overlaid on all scans. A dynamic brainshift is observable in the consecutive scan (i.e., after dural reflection and after resection), compared to the reference acquisition This is also confirmed by the results indicated in Table 2 , where it can be observed that the initial calibration update after dural opening does not provide a significant improvement in the registration error after resection. Consequently, due to complex deformations, both registration algorithms struggled to improve the system accuracy. The poor performance might be on the one hand due to the shift itself, which is suspect to further developments in our group. On the other hand, anatomical/geometrical constraints imposed by the craniotomy borders and the resection cavity impaired the volumetric coverage and image quality after resection, where the iUS images could not be optimally collected from surrounding tissues. Current findings were consistent over the majority of subjects. No significant statistical difference was observed in performance of both registration algorithms, likely due to either the very small sample or technical issues relating to the algorithm. It should also be noted that iUS acquisitions were performed after full resection (i.e., just before the patient was closed), where brainshift and removed tissue are the highest. Thus, the performance throughout resection also needs to be studied in more detail in subsequent studies.
To this end, additional developments are needed to definitely impact on this complex scenario, e.g., by integrating constraints of skull boundaries and image boundaries into the registration methods, and accounting for the difference of resected tissue from shifted tissue in the compensation framework. Furthermore, an investigation in a robust elastic registration between newly acquired iUS datasets with respect to prior acquisitions (as performed in this work) and in combination with pre-interventional MRI is also subject to ongoing research in our group.
Further investigations will be required to develop a fully automated technique and evaluate the effects of iUS imaging quality on both rigid and elastic registration performances: The limited sample size and the selected nature of the subjects have to be considered. In addition, the image quality has to be sufficiently high to allow the algorithm to work properly, as previously observed [40] . This also goes in hand with findings in this work, where we observed that careful acoustic coupling was one major factor influencing the final iUS quality (and thus registration performance). This proved especially important during and after resection, where, for example, air bubbles flushed along with saline solution into resection cavities partially caused image artifacts (see Fig. 7 iUS after resection). This necessitates an intra-operative check of the acquired US scan before it is processed.
Despite these challenges, however, intra-operative 3D ultrasound imaging and brainshift compensation could contribute to improve commercially available neuronavigation systems by providing a robust technology supporting surgical guidance instead of being solely regarded as planning tool.
Conclusion
By combining 3D iUS with conventional MRI neuronavigation, this study provided an iterative detection framework and a dynamic depiction of intra-operative brainshift. This was enabled through a novel confidence-adapted 3D ultrasound reconstruction and the integration within an iterative image-based registration process employing both mono-and multimodal registration algorithms. The overall system was tested for eight patients and proved effective to determine a profound reduction in the navigation error after dural opening. This ultimately led to an increased accuracy of the neuronavigation. Finally, the current data demonstrated a highly promising direction to improve neuronavigation intraoperatively, by using an integrated compensation approach based on 3D-iUS with a likely clinico-surgical impact for several types of image-guided procedures.
